X-ray excited luminescent chemical imaging (XELCI) uses a combination of X-ray excitation to provide high resolution and optical detection to provide chemical sensing. A key application is to detect and study implantassociated infection. The implant is coated with a layer of X-ray scintillators which generate visible near infrared light when irradiated with an X-ray beam. This light first passes through a pH indicator dye-loaded film placed over the scintillator film in order to modulate the luminescence spectrum according to pH. The light then passes through tissue is collected and the spectral ratio measured to determine pH. A focused X-ray beam irradiates a point in the scintillator film, and a pH image is formed point-by-point by scanning the beam across the sample. The sensor and scanning system are described along with preliminary results showing images in rabbit models.
INTRODUCTION
The demand for implanted medical devices to improve and sustain a high quality of life is increasing as the population continues to age. These devices include prosthetic heart valves, pacemakers, total joint arthroplasty, and orthopedic implants. Despite the medical benefits, many of these devices become infected which leads to patient suffering and high costs from treatments and surgical revisions. For example, approximately 5% of the 2 million fracture fixation surgeries performed annually in the US become infected 1 , with higher risk for patients with open wounds, debris in the wound, revision of previously infected devices, diabetes, immunosuppressed patients 2 . Implant associated infections are difficult detect at early stages when the infection is localized, and after full manifestation, treatment usually requires surgical removal of the implant, antibiotic therapy to treat the remaining infection, followed by surgical insertion of a new implant. There is a need for methods to non-invasively detect and study implant associated infection at early stages or during antibiotic treatment.
Bacteria become resistant to antibiotics when they grow in biofilms and loose this resistance if they leave the biofilm. Antibiotic resistance is usually explained through some combination of three principle mechanisms 3, 4 . First, the antibiotics can be deactivated or diffusion slowed in the top layers of the biofilm which slows ad reduces antibiotic penetration deeper within the biofilm. Second, there are dormant regions in the biofilm due to depletion of oxygen and nutrients by the top layers of the biofilm and inflamed tissue above. These dormant bacteria interact differently with the antibiotics which often interfere with bacterial growth and division. Third, the biofilm has a heterogeneous chemical environment, especially in terms of oxygen and pH, due to formation of acidic products. 8, 9 . In pH 10 , or pH-tri es a sensor loca group showed oration during een two 6 mm ges, but the im r as the micro nt using 980 n l scattering of ugh 14 . Herein w ch more rapidl ctrometer. 
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in thickness depending on the site of implantation. In order to image these sensors, sample (or an x-ray and collection optics) are mounted to an x-y linear stage which causes the X-ray spot to scan across the sensor while pH measurements are acquired at each point. The scanning system can scan the sensors either by meander scanning or raster scanning. The motors can scan continuously or move to discrete locations. It is essential that the motors move consistently for any schema. This means in continuous scanning the speed must be consistent to ensure even exposure times and when moving discretely the motors need to move consistent distances in order to accurately image the sample. Once the particles have been excited, emitted light is modulated by the pH sensitive film. The tissue will then scatter and absorb the emission light from the particles. As tissue thickness increases, light attenuation by scattering and absorption increases. Once the light has escaped the tissue it is collected by an optically reflective plastic cone which directs the light into a liquid light guide that is 7.9 mm in diameter with a field of view of 79°. The collected light is collimated as soon as the end of the guide is reached to ensure proper behavior of the next optical stage which is a 50-50 beamsplitter and two band pass filters to separate the two peaks of interest. The 620 nm and 700 nm light is measured using two photomultiplier tubes (PMTs), each with its own band pass filter. The PMTs are setup in photon counting mode which generates TTL pulses for each detected photon, up to a maximum rate of 80 million pulses/second. A National Instruments c-DAQ 9171 using USB communication then counts the pulses to a saturation point of approximately 20 million pulses per second. Once collected the data is processed, two separate intensity maps are created. From here the final image is formed by taking a ratio of the signal wavelength intensity (620 nm) to the reference wavelength intensity (700 nm). Measuring ratio instead of absolute intensity accounts for variations in thickness and optical collection efficiency
The system is controlled by LabVIEW, a graphic based programming language. A basic flow chart for the control software is shown below. The program first initializes communication with the x-and y-axis motors. These motors are moved to the zero position before scanning. Before beginning the scanning a background is recorded for one second which gives information on dark counts and if any light is present in the area. After this the scan is ready to begin and the x-ray is turned on and the shutter open so that x-rays can generate light in the sample. Starting with the first row of the scan the motor position in the x axis is continuously recorded. At the same time the number of counts for each wavelength of light and time since the previous motor position update is also recorded. Time is recorded to account for any changes in motor speed and thus the exposure time so that each pixel can be normalized to counts/second. The motors scan to the end of the current row at which point the x axis motor returns to the start position and the y axis motor increases its position by a user defined step size. This step size will also determine the size of the pixels in the final image along the x axis. While the motors are moving to the start position of the next row the data is processed by a simple linear interpolation which has to as accurately as possible plot counts vs position. This image is displayed on the front panel in real tie so that the user may check to make sure the scan is hitting the target. The user has control over the scan size, speed and start position.
This method provides a low noise, low background and high spatial resolution image in an acceptably long time. For example, a 100 mm x 25 mm scan size with 500 µm step size takes around 15 minutes to complete assuming a 5 mm/s scanning velocity. Higher speeds can be achieved by using larger step size, and in principle faster motors or multiple beams. The resolution of the system is limited to the size of the x-ray beam that excites the particles as well as the thickness of the scintillator and pH sensor films, and the thickness of any opaque well targets. In previous studies, we showed that submillimeter knife-edge resolution is acquired with submillimeter X-ray beams 15, 16 , and that the resolution can be reduced by using a larger collimated beam 13 . Here an IFG iMOXS/1-MFR X-ray source Figure 6C .
focusing polyc X-ray intensity creases, the in light than 700 nger X-ray ex arger beam siz ortion of the xoft tissue), the c photons whic which include espectively for le compared to system will be e is constant, a system to be "s plastic overlai by the excited p plastic target i To see whether the sensor can measure pH-dependent spectral ratios through tissue, a target was made with a series of wells, each with a sensor film incubated with a different standard pH buffer solution (pH 8-4) ( Figure  7A ). In addition, a well and a line with no sensor film were used as reference regions (equivalent to a very low pH with no absorption at 620 nm). The target was placed upon a slice of chicken breast tissue and either imaged from above with no tissue (Figure 7B and D) , or a slice of tissue was placed on top of the sensor ( Figure 7C ). XELCI images were acquired with channels for 620 nm and 700 nm light, and the ratio image was also calculated for a sample without tissue ( Figure 7D ) or with a 9 mm thick tissue slice ( Figure 7E ). The ratio image appears bigger because a ratio can be calculated even for a weak signal from a diffuse X-ray spot (although ratios are not calculated signals less intense than a threshold of 120 counts above background). The images with and without tissue are similar and display similar pH-dependent spectral ratios. To determine whether the sensors could be used for in vivo imaging, a preliminary pilot study was performed. Sensors were fabricated by gluing a bromocresol green-loaded PEG pH sensor film to a Gd 2 O 2 S:Eu scintillator film in PDMS coating a metal implant. The scintillator film was larger than the pH sensor to maintain an uncoated reference region, equivalent to a very low pH region (as shown in Figure 8A) . The sensor was then surgically implanted and glued next to the femur of a New Zealand white rabbit, approximately 1 cm beneath the tissue, and the wound was closed and sutured. XELCI measurements were then acquired through tissue ( Figure  8B uniformly intense 700 nm light, but the 620 nm light is significantly attenuated in the reference region and the ratio image is shows distinct sensor and reference regions. This indicates that the sensor is intact and that the sensor region is not highly acidic. Further studies are ongoing to calibrate the sensor and characterize the imaging for detecting infections in vivo. 
Conclusion
Multilayer radioluminescent chemical sensors were used to study pH near an implanted device. A focused x-ray beam is scanned point-by-point and the emitted light is modulated by pH indicator layer. XELCI provides high spatial resolution, low background chemically specific measurements through tissue. Future work will be to more fully characterize sensor performance and use to the sensors monitor local changes in pH during infection and antibiotic treatment. .
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